ABSTRACT This chapter revisits the historical development and outcome of studies focused on the transmissible, extrachromosomal genetic elements called plasmids. Early work on plasmids involved structural and genetic mapping of these molecules, followed by the development of an understanding of how plasmids replicate and segregate during cell division. The intriguing property of plasmid transmission between bacteria and between bacteria and higher cells has received considerable attention. The utilitarian aspects of plasmids are described, including examples of various plasmid vector systems. This chapter also discusses the functional attributes of plasmids needed for their persistence and survival in nature and in man-made environments. The term plasmid biology was first conceived at
INTRODUCTION
Extrachromosomal genetic elements, now widely known as plasmids, were recognized over 60 years ago. Historically, extrachromosomal genetic elements that transferred antibiotic resistance to recipient pathogenic bacteria were called R factors, and those that were conjugative were called T factors (1) . Bacteria, particularly Shigella strains harboring R and T factors, were found in 1951 in Japan, then in Taiwan and Israel in 1960 (2) , and in the United States and Europe in 1963 to 1968 (3) . The F factor (for fertility) was the genetic element, also called the "sex factor," that was required for bacterial conjugation (4) (5) (6) (7) (8) . The sex factor determined the ability of Escherichia coli strain K12 to conjugate and transfer genes to recipients.
All of these extrachromosomal elements that propagated either autonomously in the cytoplasm or as an integral part of the host chromosome were called episomes (9) . To avoid unnecessary confusion in the usage of a number of terms related to extrachromosomal elements such as plasmagenes, conjugons, pangenes, plastogenes, choncriogenes, cytogenes, proviruses, etc., Lederberg (10;  Fig. 1 ) coined the term plasmid to represent any extrachromosomal genetic entity. This term has been widely accepted and used with the understanding that these genetic elements are not organelles, individual genes, parasites (viruses), or symbionts (11) . Henceforth, plasmid(s) became the conventional term used today.
Based on the established fact that plasmids can reside in E. coli and Shigella spp., a number of workers began searching for plasmids in other enteric bacteria as well as in pseudomonads and Gram-positive bacteria. By 1977, over 650 plasmids were listed and classified into 29 incompatibility groups (12) . Recently, through DNA sequence comparisons of 527 plasmids, there has appeared to be a great deal of interchange of genes between plasmids due to horizontal gene transfer events (13) . Incompatibility is determined when two plasmids introduced into a single cell can both replicate and be maintained stably. If the plasmids coexist (replicate and be maintained stably), they are considered compatible. If the plasmids cannot coexist stably, their replication systems are incompatible (14) . The incompatible plasmids cannot share a common replication system. Thus, a plasmid classification system was developed that allowed researchers to make logical comparisons of their work on similar plasmids. The classification also provided a system that helped prevent instituting a different name or number for identical plasmids worked on by separate laboratories.
From these early studies, several basic areas of research on plasmids evolved. Researchers focused on (i) analyzing the physical structure and locating genes on plasmids; (ii) identifying the replication system and the mechanism of replication of plasmids, including how they partition; (iii) determining the conjugative machinery and the mechanism and regulation of plasmid transfer; (iv) dissecting the genetic traits conferred by plasmids, such as metabolic TOL plasmids, bacteriocinproducing Col plasmids, tumor-inducing Ti and virulence plasmids, heavy metal resistance pMOL plasmids, radiation resistant plasmids, etc; (v) restructuring plasmids for utilitarian use, e. g., gene vector development, reporter systems, genetic engineering of mammals and plants; and (vi) surveying the epidemiology and horizontal gene transfer events and reconstructing the evolution of plasmids.
BIRTH OF THE FIELD OF PLASMID BIOLOGY
The term plasmid biology was conceived in 1990 at the Fallen Leaf Lake Conference on Promiscuous Plasmids in Lake Tahoe, California. International conferences on plasmid biology were henceforth launched, being held in different countries including Germany, Canada, Spain, the United States, Austria, Mexico, the Czech Republic, Greece, Poland, and Argentina. An example of the proceedings of one of these conferences was published in 2007 (15) . An Asian venue is yet to be selected. The International Society for Plasmid Biology was established in 2004 and remains an active internationally recognized professional society (www.ISPB.org).
EARLY STRUCTURAL STUDIES AND GENETIC MAPPING OF PLASMIDS
Knowledge gained from a novel method of separating closed circular DNA from linear DNA in HeLa cells using dye-buoyant CsCl density gradient centrifugation (16) made it possible to examine plasmid DNA derived from bacteria. Earlier studies used analytical centrifugation and density gradient centrifugation on an E. coli "episomal element" (F-lac) that was conjugatively transferred to Serratia marcescens. The 8% difference in guanine plus cytosine content between the episome of E. coli (50% GC) vs. S. marcescens DNA (58% GC) was sufficient to neatly separate the episome from chromosomal DNA and established the fact that the episome was indeed made of DNA (17) . Further physical evidence led to the suggestion that bacteriophage φX174 DNA was circular (18) . This was confirmed by electron microscopy by Kleinschmidt et al. (19) . Kleinschmidt carefully prepared and used the Langmuir trough technique and examined over 1,000 electron-micrographs to obtain a perfect photograph (A. K. Kleinschmidt, personal communication, 1964) . Moreover, phage PM2 DNA was observed by electron microscopy to be a closed circular double-stranded molecule (20) . These findings prompted researchers to examine by electron microscopy bacterial extrachromosomal elements of their particular interest and confirmed that plasmids are indeed circular DNA molecules (although linear plasmids also exist). 
RECOGNITION OF PLASMID REPLICATION AND PARTITIONING SYSTEMS
Replication of plasmids requires DNA synthesis proteins encoded by chromosomal genes of the hosting bacterial cell. Between one and eight proteins can be involved, depending on the plasmid (Table 1) . DNA replication of plasmids is initiated by the binding of the initiator protein to specific binding sites at the replicative origin. Initiator binding promotes the localized unwinding of a discrete region from the DNA origin. A helicase is then directed to the exposed single-stranded DNA region followed by a prepriming complex to initiate DNA synthesis (21) . Initiation of DNA replication by the initiator binding to the origin sequence(s) is a critical function in plasmid survival as an extracellular genetic element.
As part of the plasmid replication process, specific plasmid concentrations (copy number) occur as the host bacterial cell initiates cell division. Partitioning and stable segregation of the plasmid are initiated. Partition systems are categorically classified based on ATPase proteins (22) . Type I is characterized by Walker box ATPases, while a subset, type Ia, occurs when the nucleotide-binding P-loop is preceded by an N-terminal regulatory domain, and in type Ib this is not the case. The mechanisms that contribute to the stable segregation of plasmids F, P1, R1, NR1, pSC101, and ColE1 have been reviewed (23) . The locus responsible for partitioning of pSC101 was designated "par" (24) . The par locus is able to rescue unstable pSC101-derived replicons in the cis, but not the trans, configuration. It is independent of copy number control, does not specify plasmid incompatibility, and is not associated directly with plasmid replication functions. From phylogenetic analysis of par loci from plasmids and bacterial chromosomes, two trans-acting proteins form a nucleoprotein complex at a cis-acting centromere-like site (22) . One these proteins, identified as an ATPase, functions to tether plasmids and chromosomal origin regions to specific poles of the dividing cells. Therefore, the mitotic stability of plasmids depends on a centromere, a centromere-binding protein, and an ATPase. In the case of plasmid F, two genes, sopA and sopB, and a centromeric target site, sopC, function to ensure that both daughter cells receive a daughter plasmid during cell division. The products of sopA and sopB stabilize the plasmid bearing a centromere-like sequence in sopC (25) . SopA hydrolyzes ATP by binding DNA (26) . The centromere-like region contains a 43-bp sequence that is repeated 12 times in the same orientation (27) , and each element contains a 7-bp inverted repeat targeted by SopB (28) . Like sopA, sopB, and sopC of plasmid F, plasmid P1 has counterpart partition genes (parA, parB) and a target site (pars) (29) .
Some plasmids such as ColE1 are partitioned randomly at cell division, and their inheritance is proportional to the number of plasmids present in the cell (30) . High-copy-number plasmids usually do not require an active par system for stable maintenance because random distribution ensures plasmid segregation to the two daughter cells at the time of cell division, while larger, low-copy plasmids such as F, R100, and P1 possess genes that encode inhibitors of host cell growth. In the case of plasmid F, the ccdA and ccdB (for coupled cell division) genes encode an 8.7-kDa and an 11.7-kDa protein, respectively, the latter of which inhibits cell growth (31) . This inhibitor functions in cells that have lost their plasmid due to errors in replication or cell division. The action of the inhibitor is prevented by the CcdA protein, which loses stability in the absence of the plasmid and therefore no longer functions to inhibit the action of the CcdB protein. Plasmid biologists have referred to this interesting mechanism of controlling plasmid copy number as a "killing" function that specifically kills cells lacking a plasmid (or postsegregational killing).
LANDMARKS LEADING TO PLASMID-MEDIATED CONJUGATIVE TRANSFER
The historical experiments on plating together two different triple auxotrophic mutants leading to prototrophic bacterial colonies that propagated indefinitely on minimal medium was the classical laboratory event that led Lederberg and Tatum (6, 7) to conclude that there was sex in bacteria (32) . Examination of single cell isolates of these prototrophic strains showed that they were indeed heterozygotes. Hayes (4) showed the heterothallic nature of conjugation whereby recombination is mediated by the one-way transfer of genetic material from donor to recipient bacteria. Selftransmissible plasmids such as F, R1, R100, and R6K encode the capacity to promote conjugation. They all possess related transfer (tra) genes. Plasmid F (called sex factor)-mediated conjugation has received the most attention. E. coli harboring this sex factor produce a filamentous organelle called the F pilus (Fig. 2) that was needed for conjugation between sex factor-bearing donors (known as F + donors) and F − recipients. Historically, the F pilus (or "sex pilus," coined by Harden and Meynell [33] and reviewed by Tomoeda et al. [34] ) was suggested by Brinton (35) to serve as a conduit through which DNA passes. Somewhat similar to bacteriophage (T phage) tail retraction, the F pilus was proposed to retract and bring together conjugating cells into wall-to-wall contact (36, 37) . Although the F pilus is needed for initial contact between F + and F − cells, it is not necessary for DNA transfer after the contacts have stabilized (38) . The formation of mating pairs involves a complex apparatus bridging the donor cell envelope that assembles the conjugative pilus. The pilus interacts with the recipient cell and apparently retracts by depolymerization into the donor cell, culminating in intimate wallto-wall contact during mating-pair stabilization (38, 39) .
This type of intimate contact, termed the conjugational junction, between stabilized mating pairs was examined by electron microscopy of thin sections of the junction (40) . No specific substructure such as a plasma bridge was observed. Interestingly, the F pilus of E. coli was claimed to support stable DNA transfer in the absence of wall-to-wall contact between cells (41). In earlier work using micromanipulation, Ou and Anderson (42) showed DNA transfer in the absence of direct cellto-cell contact. More recently, the F pilus was observed in real-time visualization to mediate DNA transfer at considerable cell-to-cell distances (43) . Most (96%) of the transferred DNA integrated by recombination in the distal recipient cells.
Genetic and sequence analyses have provided further insights to the mechanism of plasmid DNA transfer. With conjugative plasmids, the genes required for mating pair formation and DNA transfer are located in one or two clusters identified as the transfer (tra) regions (44) . The proteins involved in the unidirectional transfer of single-stranded DNA from donor to recipient are encoded by the tra operon of the F plasmid. These proteins form the relaxosome, which processes plasmid DNA at the origin of transfer (oriT). Sequence similarities were recognized between pilin-encoding genes of F-like plasmids (45) . Studies of the promiscuous DNA transfer system encoded by the Ti (for tumor-inducing) plasmid of Agrobacterium tumefaciens revealed that the virB operon encodes a sex pilus involved in T-DNA transfer to plants (46) . Moreover, the virB operon of the Ti plasmid exhibits close homologies to genes that are known to encode the pilin subunits and pilin assembly proteins of other conjugative plasmids such as F, R388, RP4, and even the ptl operon of Bordetella pertussis (46, 47) . The components of these plasmid transfer apparatuses became classified as members of the type IV secretion family (48) . The F plasmid transfer apparatus has homologs to VirB proteins encoded by the virB operon of the type IV secretion system (49) . In fact, the VirB2 propilin protein is similar to the TraA propilin of F and is processed into their respective pilin subunit of a size (50-53) similar to the T-pilus (51, 54) . Posttranslational processing also occurs with VirB1, a pilin-associated protein (55) . Interestingly, the type IV DNA-protein transfer system of the Ti plasmid is highly promiscuous by promoting transfer between the domain Bacteria to members of the domain Eukarya (56) .
Based on the intensive and excellent studies on plasmid DNA transfer systems of narrow and broad-host-range conjugative plasmids by a large number of excellent researchers past and present (reviewed in 57, 58), it appears that the transmission or transfer of plasmids is essential to their survival (see below).
FUNCTIONAL ATTRIBUTES REQUIRED FOR PLASMID PERSISTENCE AND SURVIVAL
Conjugative transfer of plasmids reflects an indispensable trait required for their ensured survival as selfish DNA molecules (56, 59 ). Traits such as conferring antibiotic resistance were first recognized as being plasmidborne in Shigella and Salmonella spp. as described in the introduction above. Antibiotic resistance conferred by plasmid genes provided survival value to pathogens that would otherwise be killed by the antibiotic(s). This in turn offered survival and maintenance of the plasmid itself in the antibiotic-resistant pathogenic bacterial host. Likewise, metabolic/catabolic plasmids confer on host bacteria the ability to survive in harsh environments such as in sediments from industrial waste and from mining exudates of silver, copper, cadmium, tellurite, etc. Unusual environments such as sites containing an abundance of substrates such as aromatic hydrocarbons, toluene, xylene, pesticides, herbicides, and organic waste products all provided specialized niches for bacteria that live under the auspices of specialized enzymes that degrade or modify one or more of these compounds. These bacteria harbor plasmids that confer on their host cell the ability to metabolize, degrade, or modify substances that otherwise would be toxic or lethal to the host bacterial cell. The catabolic TOL plasmid pWWO, first described by Williams and Murray (60) , is one of the best studied for its catabolic enzymes and genetic structure (61) .
The selfishness of plasmids is exemplified by plasmids encoding bacteriocins that kill susceptible bacterial cells not harboring the same or like plasmids. The lethal action of these antibacterial proteins occurs through puncturing plasma membranes, degrading nucleic acids, or cleaving peptidoglycans. Examples of bacteriocins are colicin encoded by plasmid ColE1 (62), cloacin encoded by plasmid CloDF13 (63) , and nisin F encoded by plasmid pF10 (64) .
Of medical and veterinary relevance are plasmids that confer virulence traits on their bacterial hosts. Various pathogenic E. coli strains harbor plasmids that confer interesting virulence traits (65) . Loss of the virulenceconferring plasmid results in the loss of its pathogenic trait unless the pathogenicity island transposes into the chromosome of the bacterial host. Another member of the Enterobacteriaceae are Shigella spp. All invasive Shigella flexneri strains, regardless of serotype, harbor a large virulence plasmid, pWR110 (66) . Mutagenesis or curing of the plasmid results in the loss of pathogenicity. Plasmid-conferred virulence is not restricted to Gramnegative bacteria. Indeed, the pathogenicity of Staphylococcus aureus is highly dependent on its resident plasmid (67) . The genes conferring the pathogenic trait and antibiotic resistance are highly conserved, and their spread among S. aureus strains is restrained. A number of plant pathogens also harbor virulence plasmids, a number of which encode secretion machinery for injection into their host plants (reviewed in Kado [68] ).
RECONSTRUCTION OF PLASMIDS FOR BIOTECHNOLOGY AND BIOMEDICAL APPLICATIONS
The development of recombinant DNA techniques (69) has led to a multitude of possibilities of designing plasmid vector systems useful in fundamental research and industrial, agricultural, and medical applications. Early vector systems were based on ColE1 derivatives that were primarily restricted to E. coli owing to their replication machinery. The introduction of broad-host-range plasmids such as RK2 and RSF1010 made it possible to introduce recombinant DNA technologies into bacteria other than members of the Enterobacteriaceae. In recent times, a number of plasmid shuttle vector systems have become commercially available, too numerous to list in this paper. Plasmids constructed as vectors for various purposes are reviewed elsewhere (70) . Some examples of useful vector systems are listed in Table 2 . Vectors designed for pharmaceutical and genetic engineering of mammalian and plant cells have been recently reviewed (71) (72) (73) .
CONCLUSION AND FUTURE OF PLASMID BIOLOGY
Plasmids have provided the basic foundation for recombinant DNA technologies. Significant insights are being gained from genome sequencing and reconstruction by computer modeling of prospective enzymes (proteins)
ASMscience.org/MicrobiolSpectrumencoded by sequenced plasmid genes. The commercially available kits for plasmid isolation, DNA amplification, sequencing, and a large number of purified enzymes have made earlier laborious procedures part of history. However, at the same time, there is the loss of insightful knowledge due to the absence of on-hand experiences for isolating nucleic acids and proteins and seeing exactly what they do in reconstruction experiments.
In-depth studies of how plasmids are maintained and dispersed, and how they acquire or lose encoded traits, and of why they persist in the natural and even in manmade environments all are important questions that remain in the field of plasmid biology. Plasmid biologists who, "outside of the box" (e.g., replication, partitioning, conjugation) have far-sighted visions of the future prospects of the field of plasmid biology will be the key contributors to the science. 
